Rheumatic diseases are a group of chronic heterogeneous autoimmune disorders characterized by abnormal regulation of the innate and adaptive immune systems. Despite extensive efforts, the full spectrum of molecular factors that contribute to the pathogenesis of rheumatic diseases remains unclear. ncRNAs can govern gene expression at the transcriptional and post-transcriptional levels in multiple diseases. Recent studies have demonstrated an important role for ncRNAs, such as miRNAs and lncRNAs, in the development of immune cells and rheumatic diseases. Here, we focus on the epigenetic regulatory roles of ncRNAs in the pathogenesis of rheumatic diseases and as biomarkers of disease state.
miRNAs in SLE SLE is a chronic autoimmune disorder with heterogeneous clinical manifestations, which involve the skin, kidneys, joints, central nervous system (CNS), etc. [15, 16] . The development of SLE involves nearly the entire immune system [17] . Altered miRNA expression profiles have been found in many types of immune cells in the context of SLE. In peripheral blood mononuclear cells (PBMCs), nine upregulated and seven downregulated miRNAs were found in SLE [18] . MiR-155, miR-17 and miR-181b were found to be significantly decreased in untreated patients, and miR-17 and miR-181b expression negatively correlated with the expression of the target genes activation-induced cytidine deaminase and IFN-α [19] . In CD4 + T cells, miR-29b, miR-21, miR-148a and miR-126 are upregulated and repress the expression of DNMT1, resulting in the overexpression of autoimmune-related genes [20] [21] [22] [23] . The downregulation of miR-155 and miR-410 regulates the expression of IL-21 and IL-10, respectively [24, 25] . MiR-142-3p is increased in monocyte-derived dendritic cells and promotes the secretion of SLE-related proinflammatory cytokines, such as CCL2, CCL5, CXCL8, IL-6 and TNF-α [26] . The downregulation of miR-146a in PBMCs and of miR-302d in monocytes negatively regulates the interferon pathway and contributes to the pathogenesis of SLE [18, 27] .
Among serum miRNAs, miR-221-5p, miR-380-3p, miR-556-5p, miR-758-3p and miR-3074-3p are potential biomarkers of renal damage, and renal damage and disease activity are negatively correlated with miR-31 and positively correlated with miR-130b-3p [28, 29] . In urinary exosomes, miR-29c might be a predictor of early renal fibrosis, and miR-146a can discriminate active lupus nephritis [30, 31] . In MRL/MpOlaHsd-Tnfrsf6lp (MRL/lpr) mice, miR-410 regulates IL-6 and participates in renal fibrosis [32] . In the pristane-induced lupus model, miR-155-deficient mice showed lower autoantibody levels and less severe nephritis [33] .
miRNAs in RA RA is a systemic autoimmune disease characterized by immune-mediated cartilage and subchondral bone damage that leads to joint deformities [34, 35] . MiR-103a-3p is increased in whole blood cells and PBMCs in at-risk, autoantibody-positive asymptomatic first-degree relatives prior to RA onset and therefore may be a biomarker of preclinical RA [36] . MiR-155 and miR-146 are increased in synovial fibroblasts, synovial tissue and PBMCs in patients with RA [37] [38] [39] . MiR-146a promotes a proinflammatory Treg phenotype by increasing STAT1 activation, and miR-155 inhibits spontaneous monocyte apoptosis and influences B-cell function through PU.1 in RA patients [40] [41] [42] . MiR-29a and miR-27a are markedly downregulated in serum, synovial tissues and fibroblast-like synoviocytes (FLSs) of RA patients. MiR-29a inhibits proliferation, and miR-27a inhibits the migration and invasion of RA-FLSs through the STAT3 and TLR4/NF-κB pathways, respectively [43, 44] . MiR-125b is overexpressed in serum, synovial tissues and lipopolysaccharide (LPS)-stimulated FLSs and induces TNF-α, IL-6, IL-1β and p65 expression to promote inflammation in RA [45] .
Proinflammatory cytokines regulate the expression of multiple miRNAs in immune cells in RA. TNF-α promotes T-cell dysfunction by regulating miRNA expression in T cells. 13 miRNAs were altered in Jurkat cells after stimulation with TNF-α, among which nine (miR-139-3p, miR-204, miR-760, miR-524-5p, miR-136, miR-548d-3p, miR-214, miR-383 and miR-887) are downregulated in T cells from RA patients. Moreover, the expression of four miRNAs (miR-139-3p, miR-204, miR-214 and miR-760) increased after treatment with biologic agents. These results suggest that TNF-α regulates miRNA expression in T cells and contributes to the immunopathogenesis of RA [46] .
Among serum miRNAs, miR-155, miR-146a and miR-16 are dysregulated in early RA (ERA) and may be biomarkers of the early stage of this disease [47] . MiR-223 correlates with disease activity, and miR-16 and miR-223 are possible predictors of the outcome of ERA. MiR-125b is also a potential predictor of the response to rituximab treatment [48] . MiR-22, miR-486-3p and miR-382 are associated with the progression from systemic autoimmunity to RA inflammation [49] . MiR-125b was downregulated in PBMCs and plasma from treatment-naive ERA patients but was significantly upregulated after 3 months of treatment; thus, this miRNA may be a predictor of the curative effect [50] .
miRNAs in IIM
IIMs are a group of heterogeneous disorders that cause damage to multiple organs and involve a common pathogenesis in which muscle weakness results from chronic inflammation of skeletal muscle [51] . The main subgroups of IIM are dermatomyositis (DM), polymyositis (PM), immune-mediated necrotic myopathy and inclusion body myositis. In PBMCs and serum from patients with DM, miR-206 is decreased and negatively correlates with the percentage of Th17 cells [52] . MiR-146a can regulate inflammatory macrophage infiltration in PM/DM by targeting TRAF6 and IL-17/ICAM-1 pathways [53] . In muscle tissue, miR-1, miR-133a and miR133b are decreased in all subtypes of IIM, and miR-206 is decreased in DM [54] . All these miRNAs play important roles in adult skeletal muscle differentiation, and their expression can be inhibited by TNFα [54] . Decreased miR-1 and miR-206 levels are negatively associated with muscle regeneration. Increased miR-155 and miR-146 levels are associated with autoimmunity [55] . In juvenile DM, 16 miRNAs are dysregulated in muscle tissue, with the greatest decrease observed in miR-10a [56] . The miRNA expression profiles of patients with DM and those with untreated juvenile dermatomyositis are different.
Regarding serum miRNAs, a previous study comprehensively compared the levels of circulating miRNAs in DM, PM and SLE patients and controls. Six miRNAs were differentially expressed in IIM patients compared with controls, three in DM and six in PM. Three miRNAs were related to disease activity. Moreover, 26 miRNAs were significantly differentially expressed in SLE patients compared with IIM patients [57] . These data suggest that miRNA profiles vary among different autoimmune diseases as well as among different subtypes of IIM. The plasma level of miR-4442 significantly decreased in patients with IIM after treatment and was significantly increased in patients with active PM/DM. MiR-4442 has been suggested to be a biomarker for monitoring disease activity and treatment response [58] .
miRNAs in SSc
SSc is a complex, progressive autoimmune disease characterized by microvascular changes, extensive fibrosis in multiple organs and distinct autoantibodies. The main subgroups of SSc are limited cutaneous SSc and diffuse cutaneous SSc [59, 60] . Specific miRNA expression signatures have been identified in lesion skin tissues of SSc. Many of the dysregulated miRNAs are involved in fibrotic processes [61, 62] . Among the ten significantly downregulated miRNAs, five belong to the let-7 family. Inhibition of the most down-regulated let-7 member, let-7a, in fibroblasts induced the expression of type I collagen [63] .
The miRNA expression signature was also evaluated in SSc fibroblasts. Among the dysregulated miRNAs, miR29a is strongly downregulated, inducing SSc fibroblast apoptosis and repressing the production of extracellular matrix, and type I and III collagen in fibroblasts [64, 65] . The expression of miR-150 and miR-196a is decreased in SSc fibroblasts, contributing to the upregulation of type I collagen expression [66, 67] . Both miR-4458 and miR-18a downregulate collagen expression via IL-23 and IL-23 in SSc fibroblasts [68] . In SSc hair samples, miR-196a and miR-29a are significantly decreased, and these miRNAs may be independent promising biomarkers of disease activity [69, 70] .
A total of 185 dysregulated miRNAs were identified in lung tissue from SSc patients with interstitial lung disease (SSc-ILD); among these miRNAs, miR-155 and miR-143 levels strongly correlate with the high-resolution computed tomography (HRCT) score. The expression of miR-155 in PBMCs significantly correlates with lung function in SSc-ILD [71] . Moreover, miR-155 is significantly upregulated in SSc lung fibroblasts via activation of the NLRP3 inflammasome [72] .
Among serum miRNAs, miR-16, miR-223 and miR-638 are altered in SSc, while miR-142-3p, miR-150, miR-223 and miR-638 are dysregulated in SLE and SSc [73] . MiR-223, miR-181b, miR-342-3p and miR-184 are differentially expressed between limited cutaneous SSc and diffuse cutaneous SSc. Moreover, five specific miRNAs are associated with autoantibody profiles [74] . MiR-21, miR-92a and miR-483-5p are upregulated in SSc and are involved in skin fibrosis, inflammation and immune cell regulation [75] [76] [77] . MiR-30b is significantly downregulated in SSc, and this downregulation negatively correlates with the modified Rodnan skin score. In addition, miR-30b was confirmed to be upregulated in the skin of SSc patients and animal models [78] . miRNAs in Pss pSS is an autoimmune disease caused by chronic inflammation in which the salivary and lacrimal glands are gradually damaged by infiltrating lymphocytes and plasma cells [79, 80] . In the PBMCs of pSS patients, miRNA array analysis indicated that 25 miRNAs are overexpressed; among them, miR-146a, miR-16 and miR-21 are also increased in samples from patients with SLE. MiR-223 and miR-483-5p are upregulated. The upregulation of miR-146a and downregulation of miR-155 correlate with disease activity [81, 82] . MiR-181a was found to be increased in Chinese patients [83] . Let-7d-3p, miR-155-5p, miR-222-3p, miR-30c-5p, miR-146a-5p, miR-378a-3p and miR-28-5p are dysregulated in CD4 + T lymphocytes, and their potential target mRNAs are enriched in cancer and PI3K-Akt and TGF-β signaling pathways. MiR-378a-3p, miR-222-3p, miR-26a-5p, miR-30b-5p future science group www.futuremedicine.com and hsa-miR-19b-3p are dysregulated in B lymphocytes, and the potential target mRNAs are enriched in cancer, and the Wnt and PI3K-Akt signaling pathways [84] . MiR-146a-5p is increased in T cells but decreased in B cells, indicating different functions, such as promoting the release of inflammatory cytokines and inhibiting the expression of interferon-related genes [84] . In the salivary gland, miR-768-3p is increased, and miR-574 is decreased and correlates with clinical features [85] . The Ro/Sjögren's syndrome-related antigen A (Ro/SSA) and La/Sjögren's syndrome-related antigen B (La/SSB) autoantigens appear to be crucial in the immune response in pSS. Let7b, miR-16, miR-181a, miR-200b-3p, miR-200b-5p, miR-223 and miR-483-5p have been predicted to target Ro/SSA and La/SSB mRNAs. MiR-16 is upregulated in minor salivary gland tissues and positively correlated with Ro52/TRIM21 [86] .
lncRNAs in rheumatic diseases lncRNAs are RNA transcripts longer than 200 nucleotides with no coding potential that exert broad roles in cancer, viral infection, diabetes and other human diseases [87] . Recently, great advances have been made in understanding the function of lncRNAs in the immune system. Accumulating evidence suggests that lncRNAs play key roles in the pathogenesis of rheumatic diseases through RNA-DNA, RNA-RNA and RNA-protein interactions [88] .
lncRNAs in SLE
In the PBMCs and monocytes of patients with SLE, MALAT1 and NEAT1 are increased, while linc0949 is decreased. MALAT1 is a nuclear lncRNA of approximately 8000 nucleotides and is located in nuclear speckles [89] . Silencing MALAT1 significantly reduces the expression of IL-21, and MALAT1 also regulates SIRT1 signaling [90] . NEAT1 is positively correlated with disease activity and induces the expression of proinflammatory chemokines, such as CCL2, CCL3, CCL4, CCL8, CXCL9, CXCL10 and CXCL11 [91] . These chemokines play critical roles in recruiting inflammatory cells into tissue. Lupus nephritis is characterized by the infiltration of Th1 cells in renal tissue, and Th1 cells overexpress chemokine receptors for NEAT1-regulated chemokines, including CXCR3, CCR5 and CCR2 [92] [93] [94] [95] . NEAT1 might participate in the pathogenesis of tissue damage in SLE. Thus, NEAT1 could be a biomarker of early inflammation and organ damage in SLE patients. Linc0949 negatively correlates with the SLE disease activity index score, incidence of lupus nephritis and levels of complement C3 [96] . Interestingly, linc0949 expression is significantly increased in patients with a severe disease flare after treatment with immunosuppressive agents. The level of linc0949 did not change in palmitoyl-3-cysteine-serine-lysine-4-stimulated PBMCs from patients with SLE, which indicated an intrinsic immunodeficiency of SLE patients [96] . Therefore, linc0949 is a potential novel biomarker of SLE disease activity and treatment response. lncRNA GAS5 levels are significantly lower in B cells and CD4 + T cells of patients SLE than in those of controls, whereas no difference is seen in whole blood leukocytes [97] . There are six SNPs in the promoter region of GAS5 in BXSB mice, a mouse model of spontaneous lupus nephritis (LN), that have been discovered to strongly correlate with the 11-fold decrease in GAS5 expression [97] . GAS5 shows cell type-specific expression, and there is lower GAS5 expression in metabolically active tissue than in immune tissue. There are two glucocorticoid response element sequences in the GAS5 transcript, which can inhibit glucocorticoid-mediated gene transcription by competitive binding with the DNA-binding domain of the glucocorticoid receptor. Therefore, GAS5 specifically regulates the cellular metabolic status and promotes cell susceptibility to apoptosis. The lncRNA CYP2C91 [98] has been associated with regulator genes such as the transcription factor PU.1 (SPI1), MSR1 and CCR1, which are all implicated in SLE pathogenesis. The lncRNAs XIST and its antisense gene TSIX are positively correlated with X inactivation, which may regulate X chromosome dosage in SLE morbidity [99] .
lncRNAs in RA HOTAIR is increased in PBMCs, bone marrow mononuclear cells and serum exosomes of patients with RA but decreased in synovial fibroblasts and osteoclasts [100, 101] . HOTAIR interacts with histone-modifying protein complexes, induces the expression of histone-modified target genes and represses the expression of MMPs. HOTAIR upregulation in exosomes might induce macrophage accumulation in target tissues, and HOTAIR downregulation in synoviocytes and osteoclasts could induce the expression of MMP2 and MMP13, which are involved in the dissolution of cartilage matrix and bone, contributing to joint destruction. In the RA mouse model, HOTAIR overexpression can inhibit inflammation and promote cell proliferation by regulating the NF-κB pathway, and this process can be reversed by miR-138 [102] . Given its stability and detectability, HOTAIR could be a biomarker of RA diagnosis and disease activity. with RA and osteoarthritis (OA) have increased H19 expression in synovial tissue [103] . The expression of H19 significantly increased in synovial fibroblasts after serum starvation, and H19 expression is higher in RA than in OA [103, 104] . Therefore, H19 might promote inflammation and joint damage in RA. The expression of the lncRNA TRP53COR1 is decreased in PBMCs from patients with RA and recovers after treatment with methotrexate [105] . Upon comparison of the lncRNA profiles in monocytes from RA patients treated with anti-IL-6R (tocilizumab) or anti-TNF (adalimumab), approximately 750 lncRNAs were found to be altered, suggesting that lncRNAs are highly specifically regulated by cytokines.
lncRNAs in IIM Aberrant expression patterns of lncRNAs are found in DM muscle tissues. Differentially expressed lncRNAs and related pathways were also identified in DM patients with or without ILD or Jo-1 autoantibodies. Linc-DGCR6-1 is highly upregulated in the perifascicular areas of muscle fibres and might regulate the type 1 interferon-inducible gene USP18. The mRNA and protein levels of USP18 are increased identically to those of type 1 interferon-inducible genes [106] .
lncRNAs in SSc
The lncRNA TSIX is increased in serum and skin fibroblasts of patients with SSc [107] , which may be related to the TGF-β signaling pathway [108, 109] . The expression of type I collagen in SSc fibroblasts is reduced by TSIX siRNA and increased by overexpression of TSIX. TSIX expression is positively correlated with the modified Rodnan skin score. Therefore, TSIX may be a biomarker and therapeutic target for SSc. The lncRNA MIR503HG is expressed in SSc skin tissue, and TGF-β can induce the expression of MIR503HG in fibroblasts and pulmonary vascular smooth muscle cells. The MIR503HG inhibitors SD208 and SB31532 can significantly reduce the expression of type I collagen, fibronectin and α-smooth actin. MIR503HG may play an important role in the development of myofibroblasts in the context of SSc [110] .
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lncRNAs in pSS
In pSS, eight lncRNAs are correlated with IgA and IgM levels, the erythrocyte sedimentation rate (ESR), and the visual analog scale (VAS) of dry eyes and parotid swelling; these lncRNAs are ENST00000455309.1, ENST00000420219.1, NR 002712, Lnc-UTS2D1:1, ENST00000546086.1, n340599, TCONS l2 00014794 and n336161 [111] . Two are associated with the VAS of parotid swelling, two with rheumatoid factor, three with ESR, two with IgA, six with β2 microglobulin, one with the VAS of dry eyes and six with disease course; moreover, four were significantly upregulated in SSB-positive patients compared with SSB-negative patients. However, the specific connection between these lncRNAs and disease has not been elucidated. IFNG antisense RNA (IFNG-AS) levels are increased in CD4 + T cells and positively correlate with anti-SSA antibody and serum IgG levels and the ESR. IFNG-AS1 can be regulated by T-bet, and the mRNA levels of both TBX21 (encoding T-bet) and IFNG are upregulated in CD4 + T cells [112] . The role of IFNG-AS in pSS is not fully understood and requires further investigation.
circRNAs in rheumatic diseases circRNAs are a set of ncRNAs without 5 and 3 ends, characterized with closed loop structures [113] . circRNAs were first described in viroids in 1970s [114] . Due to its stability in mammalian cells, circRNAs were supposed to be a more ideal biomarker compared with lncRNAs and miRNAs [115, 116] . The 'sponging' function of circRNAs reveals its regulatory mechanism that it can inhibit miRNA by targeting seed sequences. The regulatory potency of circRNAs has been well studied in several fields [117] [118] [119] , only a few reports in rheumatic diseases. Here, we summarize the regulatory role of circRNAs in SLE and RA.
future science group www.futuremedicine.com circRNAs in SLE Seven circRNAs (circHLA-C, circZNF609, circEKL4, circFAM188A, circUBR5, circPDE4B and circSP100) were found increased in renal samples of LN class IV patients compared with healthy controls [120] . Circular human leukocyte antigen-C (CircHLA-C) positively correlated with serum creatinine and LN disease activity, and negatively correlated with miR-150, which suggested circHLA-C might sponge miR-150 in the pathogenesis of LN. Plasma circRNA 002453 is increased in SLE patients compared with RA patients and healthy controls, and even higher in LN patients. The level of circRNA 002453 was associated with 24-h proteinuria and LN severity, but was not correlated with SLE disease activity index 2000 (SLEDAI-2 K) score, complement 3(C3) and complement 4(C4) [121] . Hsa circ 0045272 was decreased in SLE peripheral T cells. Decreased hsa circ 0045272 accelerated Jurkat cells apoptosis and promoted IL-2 secretion by down-regulating two mRNAs as its ceRNAs. However, no significant correlations were found between the levels of hsa circ 0045272 and clinical index [122] .
circRNAs in RA Five circRNAs (104871, 092516, 003524, 103047, 101873) were increased in PBMCs of RA. circRNA 104871 was correlated with RA diagnosis, which might be an important biomarker for RA diagnosis [123] . High levels of hsa circ 0044235 [124] and hsa circ 0001859 [125] were found in RA patients. Hsa circ 0001859 was involved in the chronic inflammatory of synovial tissue through regulating ATF2 level sponging miRNA-204/211. piRNAs in RA piRNAs are a class of small ncRNAs associated with Piwi proteins of Argonaute family, 24-31 nucleotides in length [126] . Up to 300 piRNAs were detected to be highly expressed in synovial tissues and synovial fibroblasts from RA and OA patients to some extent, of note, piR-16735 took 20% account, piR-18570, -17724 and -20388 each covered 5% of all piRNA reads, but were probably not involved in the regulation of RA synovial fibroblast proliferation [127] ( Figure 1 and Tables 1 & 2) .
Conclusion & future perspective
Rheumatic diseases are a group of complex diseases involving pathophysiological changes in multiple organs. Advances in analyzing pathogenesis in recent years have improved our understanding of these diseases. ncRNAs have emerged as important epigenetic modifiers that participate in rheumatic diseases and exert critical roles. However, no reviews had completely summarized the role of ncRNAs in rheumatic diseases. In this review, for the first time, we summarize the function of ncRNAs, especially lncRNAs and miRNAs, in the pathogenesis of rheumatic diseases and discuss potential biomarkers of diagnosis, treatment and prognosis. A variety of ncRNAs were observed to be differentially expressed in rheumatic diseases, whereas, only a few of them were identified as specific roles in the process of diseases. ncRNAs are ideal noninvasive biomarkers due to its stability, and even more likely to be predominant source of biomarker in the following decades. Much more developed technologies will be applied to supply a gap of their interaction partners and network mechanism. More basic studies are needed in the future to explore the functional role of various ncRNAs in immune cells and specific tissues to clarify ncRNA-based immune mechanisms. Given the important role in pathogenesis of rheumatic diseases, the exploitation of ncRNAs may provide effective diagnostic approaches and novel ncRNAs-targeting therapeutic strategies for rheumatic diseases into clinical use and could depict a more specific blueprint of molecular biomarkers.
Executive summary
• miRNAs destroy the stability of RNA and inhibit translation process via binding to the 3 UTR of target gene. miRNAs also serve as biomarkers for rheumatic diseases, and potential therapeutic targets.
• lncRNAs expression is tissue and disease specific at different rheumatic disease stages, involved in disease pathogenesis by RNA-DNA, RNA-RNA and RNA-protein interaction.
• The role of piRNAs and circRNAs in the pathogenesis of autoimmune diseases remains ill defined. Whether the sponging function of circRNAs is involved in regulating RNA or protein expression in rheumatic diseases is still elusive.
• ncRNAs are involved in multiple aspects of rheumatic diseases, including gene transcription, immune cells differentiation and apoptosis, immune responses, disease activity and so forth. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.
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